Abstract-In recent years, there have been significant breakthroughs in wireless communication systems design based on the multiple-input multiple-output (MIMO) concept. Exploiting the channel state information at the transmitter (CSIT) can improve the link performance. Thus, MIMO precoding has been an active research area for wireless communications. By specifying a precoding matrix with full CSIT, one can activate the strongest channel modes. In practice, important issues include how to obtain an accurate estimated CSI and use it. In this paper, we exploit estimated CSI for a correlated realistic Rician fading channel with estimated statistics . Then, a new precoder by providing the statistical mean of the channel matrix is presented. Numerical results show the performance degradation exists between the typical channel assumption, i.e., Rayleigh fading, and the realistic channel, i.e., correlated Rician fading. The new CSIT by sufficiently considering the channel statistics can reduce the error rate. The rank of the Rician fading channel matrix renders performance sensitive for the precoding performance.
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I. INTRODUCTION
Due to the gains promised by multiple-input multiple-output (MIMO) in theoretical investigations, MIMO has maintained substantial interest in recent years. Space-time wireless technology that uses multiple antennas along with appropriate signaling and receiver techniques offers a powerful tool for improving wireless performance [1] . However, most previous MIMO assessments have relied on theoretical channel models that are not necessarily realistic [2] , [3] . Thus, it is important to relax the channel assumptions to match reality. The WIN-NER II model is a stochastic geometry-based radio channel model [4] . In this paper, we refer to the WINNER II model as realistic and implement the Rician fading based on this most comprehensive available model.
Precoding in MIMO techniques can provide extra gain due to the provision of channel state information at the transmitter (CSIT) [5] . When full CSIT is available, precoding can be used to improve the performance of MIMO system in variety of ways, i.e., precoding can be used in a spatial division multiplexing MIMO to subtract the interfering symbols from transmitted bits, and can also be combined with space-time codes to maximize the diversity and coding gains [5] , [6] . However, perfect CSIT is not available in wireless communications. Estimated CSIT usually relies on only independent antenna assumptions. In terms of actual wireless communication performance averaged over the channel statistics, The work in [7] investigates an appropriate CSI estimation for the more realistic correlated spatial correlation estimation and Rician K-factor estimation.
Linear and non-linear precoding techniques are available for current advanced transmitter design. Due to the low complexity and easy implementation [8] , in this paper we apply the linear approaches to evaluate the precoding performance. Zeroforcing (ZF) precoding is known as a suboptimal approach that less achievable in capacity [8] . But it still can maximize the performance in some environments. Optimal linear precoding is know as minimum mean square error (MMSE) approach and is simple to characterize the noise effect on the performance [8] .
In this paper, we characterize the channel in a more comprehensive way that accounts for the channel statistics. Thus, the linear precoding, i.e., ZF and MMSE approaches, can yield better performance than conventional linear precoding. We also investigate different scenarios from WINNER II channel models, where a big performance gap is observed compared to the typical theoretical channel assumptions.
The rest of this paper is organized as follows. Section II introduces the structure of Rician fading MIMO channel model. Section III describes the precoded MIMO transmitter and the conventional linear precoding approaches. Section IV explains CSI estimation and the new optimum precoding approach for imperfect CSI. Section V shows numerical results with the new optimum and conventional approaches in different scenarios. Section VI gives the summary, conclusion and some possible work for future.
II. CHANNEL FADING MODEL
In this work, MIMO channel is denoted the deterministic and random components of H as H d and H r , respectively, so that H = H d + H r . The channel matrix can then be written further as:
where H d,n and H r,n are the normalized deterministic and random components of the channel matrix, respectively, with power ratio of H d and H r , i.e., the Rician K-factor [1] , as
For K = 0, the channel fading is described by the Rayleigh distribution. Otherwise, the channel fading is described by the Rician distribution [9] . In this work, we evaluate the error performance with different rank of H d , which varies from 1 to N T [1] . Let us consider the downlink from a base-station situated above surrounding scatterers to a user surrounded by scatterers. Then, the rows of H can be assumed mutually uncorrelated (and, thus, independent). On the other hand, let us assume that the columns are correlated, e.g., due to limited base-station azimuth spread (AS). Finally, let us assume that each row in H has the same, N T × N T , covariance matrix R T . Then, we can write H r,n = H w R
1/2
T , where H w has independent, circularly-symmetric, complex-Gaussian, zeromean, unit-variance elements [1] . Given the AS, R T can be computed for realistic Laplacian power azimuth spectrum (PAS) as in [10] .
A. Statistical Models of AS and K-Factor
Several research groups have measured the radio channel for a wide range of scenarios and found that the K-factor is lognormally distributed. For example, the WINNER II project has modeled the measured K-factor for the indoor office/residential scenario A1 as [4] :
where the K-factor in dB has mean 7 and standard deviation 6, respectively. On the other hand, intended-signal power arrives with azimuth angle dispersion that is typically modeled by the Laplacian PAS. The realistic Laplacian PAS model [10] [4] has been used for the simulation results shown later in this paper. The AS is the root mean-square of the PAS, and affects antenna correlation [1] [11] . For the A1 scenario, the measured base-station AS has been found to follow the lognormal distribution [4] :
whose mean and standard deviation are about 50
• and 30
• , respectively.
WINNER II measurements for a wide range of scenarios have indicated that channel fading can be modeled as Rician with log-normally distributed and correlated AS and K-factor [4] . The numerical results shown later in this paper are for scenarios A1 and B1 from the AS and K statistical models described in Table I [4] . Parameter ρ represents the measured correlation of χ and ψ. Depending on the scenario, this correlation can be negative, zero, or positive. 
III. PRECODED MIMO SYSTEM MODEL
The precoded MIMO system is depicted in Fig. 1 . The system has N T transmit antennas and N R receive antennas. The transmitter precodes a N T × 1 source symbol vector s with a precoding matrix F, where the precoding matrix has a size of N T × N T [12] , i.e.,
Then, received signals can be represented as the N Rdimensional complex-valued vector [1] :
where x is the N T -dimensional vector with the precoded complex-valued transmitted symbols, H is the channel matrix introduced in Section II with complex-valued Gaussian distributed elements with unit variance, and the noise vector is complex-valued, zero-mean, spatially-uncorrelated, Gaussian distributed, i.e., n ∼ N c (0, N 0 I). The channel is assumed to experience frequency-flat fading. The noise samples are also independent in time.
A. ZF Precoding
The ZF approach cancels the inter-stream interference by the following matrix [13] :
where (·) H denotes Hermitian transposition. Then, the received signal can be rewritten as
B. MMSE Precoding
In order to maximum precoding interference plus noise cancellation, MMSE precoding minimizes the minimum square error between the transmitted symbols and received symbols. The precoding matrix is given by [13] F MMSE = arg min
where || · || 2 F represents the Frobenius spectral norm of a matrix. Thus the transceiver in Eq. (8) can be obtained with MMSE precoded signal.
IV. PRECODING FOR ESTIMATED CSI
Above, both ZF and MMSE precoding assume true perfect CSIT. In this section, we focus on the imperfect CSIT. The conventional method is to use the estimated channel matrix H instead of the true channel matrix H that is used in the precoding section above. This method exploits the whole estimated channel matrix at transmitter, whereas only the instantaneous CSIT is involved. However, channel matrix estimation accuracy is not sufficient considered. The statistical CSIT can effect performance as well. In [14] , we proposed a new detection approach that can be easily analyzed and better accounts for the estimation accuracy. We apply the proposed approach to precoder, which consists both the instantaneous and statistical CSIT. Thus, a better deal to noise and interference can be done at precoder.
In our new approach, we assume the estimated channel matrix H and true channel matrix H are jointly Gaussian. Given the estimated channel matrix, the true channel matrix can be rewritten as:
where H m is given by:
The rows of H e follow the distribution of N c (0, R e ), where
Then we can rewrite the received signal as:
where the new noise vector ν ν ν = H e x + n introduced in [14] is zero-mean, complex-valued, Gaussian-distributed with correlation matrix:
Now, for ZF and MMSE precoding, we can use the channel deterministic mean H m instead of the true channel matrix H in (7) and (9) . Moreover, the effective noise correlation matrix R ν ν ν is used to replace conventional white noise covariance Exploiting L instantaneous estimated channel state information (CSI) to average over fading, i.e., [7] , the statistics CSI can be computed by:
V. NUMERICAL RESULTS
In this section, we evaluate average error rate (AER) as a measure of precoding performance. vs. the signal-to-noise ratio (SNR). The simulation parameters are listed in Table II . Note the rank of H d renders system performance more sensitive to in [7] , [14] , [15] , we compare the rank(H d ) = 1, N T that are the lowest and highest rank of the deterministic channel component.
First, Fig. 2 depicts the WINNER II A1 scenario ZF and MMSE precoding AER performance for perfect CSI. Mean AS and K values are used. Such typical values are unrealistic, but they are often considered to capture the characteristic for different fading. We compare the typical Rayleigh fading versus Rician fading with different rank. The solid lines are for MMSE precoding and the dashed lines are for ZF precoding. Notice that the deterministic component in Rician fading helps yield a better AER performance than Rayleigh fading when the rank is high, whereas low-rank Rician fading yields much worse performance than Rayleigh fading, which confirms previous assessments [1] , [14] , [15] For Rician fading, the low rank degrades the suboptimal ZF precoding performance significantly compared to MMSE precoding can improve performance. Interestingly, high-rank reduces the performance gap between the ZF precoding and MMSE precoding. Fig. 3 shows the ZF and MMSE precoding AER performance for scenario B1. Due to the very low AS in this scenario, the correlation among antennas is high. Note the very bad performance for Rayleigh fading and rank one Rician fading can be observed. For ZF precoding, the Rayleigh fading overlaps the low rank Rician fading. Thus, the deterministic component in Rician fading become more important in the low AS scenario. We can see a small improvement for Rayleigh fading when applying MMSE precoding. But the MMSE approach performance for rank one is still very poor. We then found the significant difference in precoding performance between ZF and MMSE approach for high rank Rician fading, where 3 dB difference is observed for 10 −3 error level.
Next, we show the realistic Rician fading results over the correlated AS and K samples. Because of the better performance shown in the figures above, only the MMSE approach is considered for precoding with imperfect CSI. We compare the conventional estimated channel known to transmitter and our new channel deterministic known to transmitter in both Fig. 4 and 5. For our new method, we apply ICSI estimate and SCSI estimate approaches to investigate the effect of statistical estimate performance. Fig. 4 shows scenario A1 results. The dashed lines group is for rank(H d ) = 1. The solid lines group is for rank(H d ) = N T . We show the " " marker is for conventional estimated CSI based precoding, "×" marker is for new approach with both estimated ICSI and SCIS, and " " marker is for the approach that only apply estimated ICSI to precoding. The conventional estimate channel approach applied to precoding gives the worst performance for any rank. The new approach can reduce the error rate comparing with the conventional approach. However, for high rank, the performance gain decreases along with the higher SNR. Precoding with SCSI estimate can obtain very similar performance with the none SCSI estimate (ICSI estimate). Fig. 5 gives the scenario B1 results. The performance order for scenario B1 is very similar with scenario A1. For our new approach, ICSI estimation degrades AER performance significantly whereas SCSI estimation does not degrade performance much. Larger performance gap can be observed from the estimate channel precoding of high rank. The new approach can improve the performance. However, the improvement is only significant for low SNR, and the performance degrades quickly when increasing SNR. This is because scenario B1 has a fairly low AS, where the transmission experiences high correlation. Accurate estimation of the channel is a very important requirement for effective precoding.
VI. CONCLUSION
This paper evaluates the MIMO precoding performance for various assumptions about the channel fading and ICSI and SCSI knowledge. Different from typical fixed AS and K assumptions, AS and K are modeled as lognormally distributed and correlated in this work, where the Rician fading is considered as realistic. It is discovered that for Rician fading, the performance of precoding can be change significantly due to the different rank. Rayleigh fading is not realistic. This is because the performance of Rayleigh fading keeps constant , and it is not sufficient enough to evaluate the wireless communication channels. For the more realistic, i.e., Rician fading channel, the applicable new approach accounts for both ICSI and SCSI to transmitter can help improve the precoding performance, especially for the low SNRs. The SCSI estimation for our new approach can be obtained similar performance as the ICSI can achieve. Notice that the proper rank setup of the channel still very important to achieve the accuracy of precoding.
